INTRODUCTION
Occurrence of photophosphorylation in the chloroplast and oxidative phosphorylation in the mitochondria lead to the production of reactive oxygen species (ROS), which are capable of damaging proteins, DNA and lipids (Kim et al., 1999) . Cellular mechanisms to continuously scavenge and detoxify ROS and to repair the resulting damage prevent toxic effects of ROS in the cell. Any imbalance between the production of ROS and cellular capability to detoxify them results in oxidative stress and cellular damage. Organic peroxides are generated during peroxidation of membrane lipids due to oxidative stress (Howlett & Avery, 1997) . While many ROS are directly toxic, alkyl hydroperoxides are especially detrimental due to their ability to initiate and propagate free-radical chain reactions leading to DNA and membrane damage Ward, 1975) .
Alkyl hydroperoxide reductase (AhpC), the enzyme responsible for detoxifying alkyl hydroperoxides, consists of two subunits: the small subunit (AhpC), which reduces organic peroxides to their corresponding alcohols (Poole, 1996) , and the large subunit (AhpF), which is involved in the regeneration of oxidized AhpC (Demple, 1991; Poole & Ellis, 1996; Storz et al., 1989) . The importance of ahpC in living systems can be deciphered by its conservation from bacteria to man during the course of evolution (Chae et al., 1994) . This suggests that AhpC serves a vital physiological role inside the cell. Inactivation of ahpC has been shown to increase the sensitivity of cells to the organic peroxides and to alter overall oxidative stress response Antelmann et al., 1996; Bsat et al., 1996; Rocha & Smith, 1999) .
Azospirillum brasilense is a plant growth-promoting rhizobacterium, which colonizes the roots of a large number of C3 and C4 grasses (Bashan et al., 2004) . It promotes plant growth by producing phytohormones, which cause proliferation of the root system leading to an improved absorption of water and minerals. Though A. brasilense is microaerophilic, it is thought to encounter oxidative stress during its transitions from microaerobic to aerobic zones in the soil and water environments. Besides its ability to synthesize carotenoids to scavenge singlet oxygen (Nur et al., 1981; Tatsuzawa et al., 2000) and to produce catalase and superoxide dismutase enzymes to detoxify peroxides and superoxides (Nur et al., 1982) , A. brasilense also produces AhpC to circumvent oxidative stress (Wasim et al., 2009) . Although the inactivation of the gene encoding AhpC in A. brasilense was shown to confer pleiotropic phenotypic effects due to the alteration in cell surface properties, it did not affect wheat root colonization (Wasim et al., 2009) .
In our previous studies on A. brasilense, we have shown the role of zinc-binding (ZAS) anti-sigma factors (ChrR1 and ChrR2) in mediating responses to the oxidative stress by controlling the activity of their cognate extra-cytoplasmic function (ECF) sigma factors (RpoE1 and RpoE2) (Gupta et al., 2014) . The RpoE2-ChrR2 pair was also found to regulate the expression of AhpC (Gupta et al., 2013) , which was shown to control several cellular functions in A. brasilense including oxidative stress tolerance, cell surface properties, cell-to-cell aggregation and flocculation (Wasim et al., 2009) . The gene encoding OxyR is divergently organized to the ahpC and ahpF genes in several bacteria including Escherichia coli, Salmonella typhimurium and Xanthomonas campestris Mongkolsuk et al., 1997) . This suggested that ahpCF genes might be regulated by OxyR, a LysR-type transcriptional regulator, that is known to regulate the expression of several hydrogen peroxide inducible genes including katG (hydroperoxidase I) and ahpCF (AhpC) in E. coli and S. typhimurium Cabiscol et al., 2000) . The genome of A. brasilense encodes two genes that encode proteins similar to oxyR; while one oxyR (oxyR1) is organized divergently to the AhpC encoding gene, the other (oxyR2) is organized divergently to the gene encoding catalase. The aim of this study was to understand the role of OxyR1 in the regulation of ahpC gene, and also to understand if OxyR1 coordinates its activity with the two oxidative-stress-responsive ECF sigma factors in the management of oxidative stress in A. brasilense.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are shown in Table 1 . MMAB medium containing 37 mM malate and 10 mM NH 4 Cl as the sole source of carbon and nitrogen, respectively, was used to grow A. brasilense strains (Vanstockem et al., 1987) . A. brasilense and its mutant were grown at 30 C with shaking at 180 r.p.m. E. coli was grown at 37 C with shaking at 200 r.p.m. in an orbital incubator shaker, and growth was monitored by measuring OD 600 . All the chemicals used for growing bacteria were purchased from HiMedia, but X-gal and IPTG were purchased from Fermentas. Wherever necessary, ampicillin (100 µg ml À1 ), tetracycline (10 µg ml À1 ), kanamycin (100 µg ml
À1
) and chloramphenicol (40 µg ml
) were added to the growth medium. Plasmid isolation kits and gel elution or purification kits were purchased from Qiagen and Promega, respectively, and DNA manipulating enzymes from New England Biolabs.
Bioinformatic analysis. Similarity search with the OxyR1 protein of A. brasilense was carried out using the sequence of E. coli (locus tag: b3961) with BlastP (Altschul et al., 1990) . Similarity and identity were checked by Sequence Manipulation Suite (Stothard, 2000) .
Insertional inactivation of oxyR1 in A. brasilense. The oxyR1 gene in A. brasilense was inactivated by inserting a kanamycin resistance gene cassette in the middle of oxyR1 gene in vitro, followed by replacing the wild copy of oxyR1 in A. brasilense by the mutated copy via homologous recombination. For the construction of oxyR1 :: km mutant, two amplicons were amplified as amplicon A and amplicon B, of approximately 1 kb size each. Amplicon A (1019 bp) was amplified using primers (oxyR1AF/oxyR1AR; Table S1 , available in the online Supplementary Material) that were complementary to the sequences located 425-408 bp upstream and 577-594 bp downstream of the ATG start codon of the oxyR1 gene, respectively. Similarly, amplicon B (1126 bp) was amplified using primers (oxyR1BF/oxyR1BR; Table S1 ) that were complementary to the sequence located 595-612 bp and 1703-1721 bp downstream of the start codon of the oxyR1 gene, respectively. Further experiments involving ligation of the two amplicons, insertion of a kanamycin resistance cartridge, conjugative mobilization and so on to construct and confirm the oxyR1::km mutant were performed as described elsewhere Kumar et al., 2012) .
Measurement of zone of inhibition. Precultures of the WT and the oxyR1::km knockout mutant were grown overnight, diluted 100-fold and grown up to the mid-log phase (OD 600 of 0.8). Equal number of cells were taken from the WT and the mutant (oxyR1::km), mixed with 0.7 % agar and poured on the agar plate containing 50 µg ml À1 triphenyl tetrazolium chloride to monitor the growth. After an incubation for 10 min, 70 µl of hydrogen peroxide (H 2 O 2 ) (1 %), cumene hydroperoxide (CHP) (1 %) and tert-butyl hydroperoxide (t-BOOH) (1 %) was placed on 1.5 mm sterile disc (HiMedia) and kept in the centre of the lawn of the WT and the oxyR1::km mutant cells. The plates were then incubated at 30 C in an incubator for 36 h. The zone of inhibition was measured from the centre of the disc.
Plate dilution assay and growth curve. To reconfirm the phenotype of oxyR1::km mutant against peroxides, precultures of the WT and the oxyR1::km mutant were grown overnight. The following day, main cultures were grown in the minimal malate medium and were allowed to grow up to an optical density of 0.8, from where cultures of equal optical density were taken for serial dilution. Culture aliquots (2 µl) were spotted from 10, 10
-2 and 10 -3 dilution on 1.5 % MMAB agar plate amended with t-BOOH (120 µM) and were allowed to grow up to 48 h at 30 C. To study the effect of inactivation of oxyR1 further on the ability of A. brasilense Sp7 to tolerate t-BOOH, both A. brasilense Sp7 and oxyR1::km were grown overnight in minimal malate medium (MMM), diluted 100-fold and allowed to grow up to an optical density of 0.4. The cultures so obtained were splitted in two different flasks and grown further with and without t-BOOH for 24 h. Growth was recorded by taking optical density of the cultures at 600 nm at 4 h intervals.
Alkyl hydroperoxidase assay. To compare the alkyl hydroperoxidase enzyme activity of oxyR1::km mutant with its parent, their overnight grown cultures were diluted 100 times and grown to mid-log phase. Equal amounts of cultures were harvested from the same phase (midlog) by pelleting the cells at 8000 r.p.m. for 3 min. Pelleted cells were then washed twice with 1Â PBS and once with 25 mM Tris/HCl (pH 8.0) containing 1 mM protease inhibitor PMSF. Finally, the cells were resuspended in the same buffer and sonicated with 5 s ON and 10 s OFF cycles for 4 min. After the sonication, cultures were centrifuged at 13 000 r.p.m. for 30 min to remove cell debris, and the supernatant was taken for the enzyme assay. Activities of the enzyme were compared by taking equal amounts of protein from A. brasilense and oxyR1 ::km mutant, as described earlier (Iyer & Klee, 1973) . (Kumar et al., 2012) . The images of the gels containing protein spots of two biological samples (in duplicate) were compared using statistics available in the software Image Master 2D Platinum 7 (GE Healthcare). The isolated protein spots were analysed by MALDI-TOF/TOF (ABI) after in-gel trypticase digestion. The peptide mass list obtained from the analyser was used for a MASCOT search against the NCBI database. A peptide mass tolerance of ±1.2 Da and an MS/MS tolerance of ±0.6 Da were set, and only one missed cleavage was allowed. Carbamidomethylation (C) as a fixed modification and oxidation (M) as a variable modification were considered.
5¢-Random amplification of the cDNA ends. The transcriptional start site (TSS) of the ahpC gene was determined using total RNA isolated from the mid-log phase of culture of the oxyR1 ::km mutant (due to overexpression of gene ahpC). The isolated RNA was treated with the DNase to remove genomic DNA contamination, and this was checked by using isolated RNA as a template for the amplification of ahpC gene using enzyme Taq polymerase. The absence of amplification indicated the purity of RNA samples. To determine the TSS, three different rounds of PCR were carried out. In the first round, cDNA was synthesized using single gene-specific primer (GSP3 ; Table S1 ) with reverse transcriptase (Thermo Scientific). The formation of cDNA was confirmed by obtaining a PCR product of specific size using a primer pair (ahpCF/GSP3; Table S1 ). After the confirmation of cDNA synthesis, polyA tailing was carried out with a terminal transferase (Thermo Scientific). Once the polyA tail was added at the 3¢ end, the second round of PCR was carried out using a primer pair (GSP2/oligodT anchor primer; Table S1 ). To further specify, the third round of PCR was carried out using another primer pair (GSP1/Anchor primer; Table S1 ). A specific size of PCR product was obtained from the third round of PCR, which was cloned in vector pGEMT easy and was transformed into the E. coli XLblue competent cells. The following day, some of the clones were picked up randomly for plasmid isolation and were submitted for commercial sequencing (SciGenome, India).
Construction of deletion derivatives of ahpC promoter elements. Determination of the TSS of the ahpC gene revealed TTCCAT and TAACTT as putative À35 and À10 elements, respectively. In order to confirm if they were the true promoter elements, they were deleted one by one through overlapping PCR while keeping the remaining nucleotides intact. The cis-acting À35 element was deleted by carrying out two rounds of PCR. In the first round, fragment A and fragment B were amplified by using primer pairs ahpCF/ahpC-35R (Table S1 ) and ahpC-35F/ahpCR (Table S1 ), respectively. In the second round, the amplified PCR products were fused together through their complementary regions and were amplified simultaneously using the primer pair (ahpCF/ahpCR; Table S1 ). The amplified PCR products were digested with XbaI/PstI and were cloned in the similarly digested vector pBBRMCSlacZ. A similar approach was also adopted for the deletion of the À10 region.
Cloning of oxyR1 into expression vector pET15b. In order to check the binding of the OxyR1 regulator to its upstream promoter, oxyR1 was amplified from the A. brasilense genomic DNA as a template using the forward and reverse primers (oxyR1F/oxyR1R; Table S1 ) having restriction sites of NdeI and BamHI, respectively. The amplified PCR product of 957 bp was then digested with NdeI and BamHI and was cloned in the similarly digested vector pET15b. Once the correctness of the cloning was confirmed through restriction digestion and colony PCR, recombinant plasmids were isolated and were transformed into E. coli BL21 cells for protein expression.
Protein expression, purification and characterization. In order to induce the expression and to purify the OxyR1 protein, single colonies of E. coli BL21 harbouring pET15b-oxyR1 were inoculated into 5 ml LB medium. The following day, cultures were diluted up to 100 times and were allowed to grow at 37 C up to an optical density of 0.5. At this point, 0.5 mM of IPTG was added, and the culture was kept at 25
C for an additional 6 h. An Ni-NTA column was used for the purification of His-tagged OxyR1 protein. To purify the protein, 100 ml culture was centrifuged and the resulting pellet resuspended in 10 ml Tris buffer (25 mM, pH 8.0), NaCl (300 mM), imidazole (10 mM) containing 1 mM PMSF and 1 mg ml À1 lysozyme, and incubated at 4 C with shaking. After 1 h, the suspension was sonicated and centrifuged for 30 min at 13 000 r.p.m. to remove the cell debris. The supernatant was washed with Tris/HCl buffer containing 50 and 100 mM imidazole sequentially and finally eluted in a buffer containing 300 mM imidazole. The quality of the eluted protein was checked on a 12 % SDS-PAGE, taking uninduced, induced and eluted proteins along with a protein ladder. Furthermore, to remove the imidazole from the eluate, the buffer was exchanged with another buffer containing 30 mM Tris/HCl, 300 mM NaCl, 0.2 mM EDTA and 5 mM b-mercaptoethanol using an Amicon ultracentrifuge column.
EMS assay. The binding of OxyR1 to the upstream region of the ahpC gene was checked by an EMS assay using a 263 bp intergenic region of the oxyR-ahpC genes, which was amplified by the primer pair (AhpCF/ AhpCR) using the A. brasilense genomic DNA as template. The amplified PCR product was purified with a PCR purification kit (Roche), and the 3¢ends were labelled with digoxygenin using a terminal transferase, as per the manufacturer's instructions (Roche). The efficiency of labelling was tested by spotting a serially diluted probe on a nylon membrane followed by the detection. The resulting intensity of the signal was then directly compared with that of the control labelled oligonucleotide, provided with the kit. The probe was stored at -20 C. The separation of free DNA from the DNA-protein complex was carried out in a 6 % native PAGE. The binding reaction was performed at 25 C for 30 min. The protein-DNA migration was carried out at 8 V cm À1 for 2 h in 0.5Â TBE buffer (89 mM Tris, 89 mM boric acid and 2 mM EDTA, pH 8.0). The binding reaction included 20 mM HEPES (pH 7.6), 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4, 1 mM DTT, 0.2 % Tween 20, 30 mM KCl, poly dI-dC (0.2 µg µl À1 ), DIG-labelled oligonucleotide (50 ng µl
) and an increasing amount of the purified His-tagged protein in a total volume of 25 µl reaction. After the electrophoresis, the DNA was transferred on a nylon membrane and was detected using Chemiluminescent Nucleic Acid Detection kit (Roche) according to manufacturer's instructions.
Serial deletion of ahpC promoter upstream region and fusion with promoterless lacZ. In order to check the regulation of ahpC gene by the OxyR1 and an involvement of the promoter upstream regions in the regulation of ahpC gene, a series of deletion derivatives of the ahpC upstream region (P, P1, P2, P3 and P4) were constructed, where the 3¢end was kept common and the 5¢end was varied. These derivatives were cloned in the vector pBBRMCSlacZ, which has a promoterless lacZ gene preceded by an multiple cloning site (MCS). The different PCR products of 263 bp (P), 244 bp (P1), 232 bp (P2), 219 bp (P3) and 207 bp (P4) size were amplified using different forward primers containing XbaI restriction site and a fixed reverse primer having PstI restriction site (Table S1 ). The amplified PCR products were then cloned in the similarly digested vector pBBRMCSlacZ and were transformed into E. coli DH5a. The transformants were then analysed by colony PCR, digestion of the recombinant plasmids by XbaI and PstI and sequencing of the inserts. Confirmed recombinant plasmids (designated as P, P1, P2, P3 and P4) were isolated and transformed into E. coli S17.1, which was then used as a donor for the conjugative mobilization of the recombinant plasmids into A. brasilense Sp7. The exconjugants were selected on LA plates supplemented with chloramphenicol.
b-Galactosidase assay. The precultures of the A. brasilense Sp7, oxyR1 ::km, chrR1::Tn5 and chrR2::km, containing the empty vector or the ahpC::lacZ fusion, were grown overnight. The cultures were diluted 100 times and allowed to grow up to mid-log phase. Equal amount of cultures were harvested and used for carrying out the b-galactosidase assay (Miller, 1972) . Statistical analysis was carried out using a Statistical Package for the Social Sciences version 16 software.
Site-directed mutagenesis of T-N11-A motif. To examine the role of the conserved structural motif, T-N11-A in the regulation of the ahpC gene by the OxyR1, site-directed mutagenesis was carried out. The full-length intergenic region between oxyR1 and ahpC was first cloned in the vector pGEMTeasy through TA cloning. The site-directed mutagenesis was carried out by using forward and reverse primers (sdmahpCF/sdmahpCR; Table S1) using the following PCR cycling condition:
Step 1, 94 C for 3 min;
Step 2, 94 C for 1 min, 46 C for 1 min and 72 C for 12 min for 18 cycles; and Step 3, 72 C for 30 min. The PCR reaction included 1Â reaction buffer, 1 mM dNTP, 1 µM each of forward and reverse primers, 1 % DMSO, 2 units Pfu polymerase (Invitrogen) and 10 ng plasmid DNA. The PCR products so obtained were treated with the restriction enzyme DpnI for 2 h at 37 C, and finally, the treated PCR products were transformed into the competent cells of E. coli XLblue. From the transformed cells, three colonies were picked up randomly, and plasmids were isolated and submitted for sequencing (using primer M13F; Table S1 ) to confirm if the desired site-directed mutation had actually occurred. Once the clones were confirmed through sequencing, mutated fragments were excised through XbaI/PstI restriction digestion and were cloned into the similarly digested pBBRMCSlacZ. Thus, three different constructs were prepared wherein the first construct (M1) had T replaced with G (Fig. S2a) , the second construct (M2) had an A replaced with C (Fig. S2b) and the third construct (M3) had both T and A replaced by G and C (Fig. S2c) .
RESULTS

Bioinformatic analysis of OxyR1 in A. brasilense
A gene encoding OxyR (designated as OxyR1, locus tag AZOBR_p1130168), located divergently to the previously described gene ahpC in the A. brasilense genome (Fig. S1a) , encoded a protein of 318 amino acids that had 41 % identity with the OxyR of E. coli (Fig. S1b) . The genome of A. brasilense also harbours another paralogue of OxyR (designated as OxyR2, locus tag AZOBR_p440184) that shows 45 % identity with OxyR1 and is organized divergently to a gene encoding catalase. The OxyR1 sequence showed occurrence of a conserved helix-turn-helix domain for the DNA binding and the presence of four of the five most conserved residues (R4, L32, S33 and R50) of the DNA-binding domain (Fig. S1b) . Out of the two residues, considered necessary for forming hydrophobic core, L124 is conserved but A233 is not. The two cysteine residues (C199 and C208) required for the redox activity of the OxyR of E. coli are also conserved in the OxyR1 of A. brasilense. These features showed that OxyR1 of A. brasilense possesses the typical structural features of the E. coli OxyR protein.
Inactivation of OxyR1 confers resistance to alkyl hydroperoxides in A. brasilense
In order to understand the role of OxyR1 in A. brasilense, the oxyR1 gene was inactivated by inserting a kanamycin resistance gene cassette in its middle and by placing the mutated allele in the genome by homologous recombination. When the sensitivity of the oxyR1 ::km mutant to H 2 O 2 , CHP and t-BOOH was compared with its parent, there was no measurable difference in the diameter of the inhibition zone in case of H 2 O 2 . The difference in the diameter of the inhibition zone between A. brasilense Sp7 and the oxyR1::km mutant, however, was relatively large in case of t-BOOH (Fig. 1a) . In case of CHP, the difference was relatively small, though consistent. In order to confirm the difference between the sensitivity the oxyR1::km mutant and its parent to t-BOOH, the effect of 100 µM t-BOOH on the growth of A. brasilense Sp7 and the oxyR1::km mutant was recorded. Fig. 1(b) shows that the oxyR1::km mutant was more tolerant to 100 µM t-BOOH in comparison to the A. brasilense Sp7. The obtained results were further confirmed by a plate dilution assay, which showed that at 120 µM t-BOOH concentration, the oxyR1::km mutant grew well but the parent was completely inhibited (Fig. 1c) , indicating that the inactivation of oxyR1 in A. brasilense confers resistance against t-BOOH.
oxyR1 :: km mutant shows enhanced AhpC activity and elevated levels of AhpC protein When AhpC activity of A. brasilense Sp7 and the oxyR1::km mutant was compared using t-BOOH as substrate, the activity increased gradually in both the strains. However, at all time points, the AhpC activity of the mutant was higher than that of the parent (Fig. 2a) . The experiment where BSA was used as a blank did not show any AhpC activity. A relatively higher AhpC activity in the oxyR1::km mutant correlated well with its relative resistance to CHP and t-BOOH. By comparing the proteomes of A. brasilense Sp7 and oxyR1::km mutant, we found several differentially expressed proteins (Fig. 2b) . The protein, which was most distinctly upregulated in the oxyR1::km mutant in all the three replicate experiments was identified as AhpC C subunit (AZOBR_p1130169) by MALDI-MS/MS.
Identification of TSS ahpC gene and validation of À10 and À35 promoter elements
Since AhpC was the most prominently upregulated protein in the oxyR1 ::km mutant, the expression of ahpC was expected to be controlled by the OxyR1. To decipher the structure of the promoter of ahpC gene in A. brasilense Sp7, we determined its TSS using 5¢-random amplification of the cDNA ends (5¢-RACE). Sequencing of the cDNA clones produced after 5¢-RACE revealed that the TSS was a G, which was located 148 nucleotides upstream of the start codon ATG. Analysis of the sequences upstream of the TSS revealed TAACTT and TTCCAT as the putative À10 and À35 promoter elements, respectively, with a space of 17 nucleotides in between the two hexamers (Fig. 3a) .
After determining the TSS of ahpC gene and knowing that the ahpC promoter is strongly upregulated in the oxyR1 :: km mutant, we constructed two deletion derivatives of the ahpC::lacZ fusion: one lacking the À10 element and the other one lacking the À35 element. When we expressed the ahpC::lacZ fusion and its two deletion derivatives in the oxyR1::km mutant, we observed that the promoter activity of both the deletion derivatives was completely lost. This indicated that the predicted À10 and À35 elements were essential for the ahpC promoter activity (Fig. 3b) .
Binding of OxyR1 protein to the ahpC promoter upstream region
The observation that the ahpC expression is negatively regulated by OxyR1 indicated that OxyR1 should bind to the upstream region of ahpC gene. An in silico analysis of the ahpC promoter upstream region revealed the characteristic T-N 11 -A structural motif in the ATCG-N7-CGAT palindromic sequence that is a known motif for the binding of LysR-type transcriptional regulators including OxyR. We investigated the ability of the OxyR1 protein of A. brasilense Sp7 to bind to the ahpC upstream region harbouring T-N 11 -A motif under oxidizing and reducing conditions by EMS assay. For this, an increasing amount of the affinitypurified, His-tagged OxyR1 protein was incubated with a fixed amount (50 ng) of DIG-labelled probe, under both oxidizing and reducing conditions (Fig. 4a) . To our surprise, the OxyR1 protein shifted the mobility of the target DNA fragment under both reducing and oxidizing conditions. Fig. 4(b) shows that there was a notable shift in the mobility of the DNA bound by the OxyR1 as compared to the mobility of the unbound DNA. In lanes 2 and 6, there was no shift in the mobility as the amount of protein (0.5 µg) was not enough to affect a shift. When the amount of protein was increased to 1.0 µg, a shift in the mobility could be clearly seen (lanes 3 and 7) . With 2.0 µg protein, the DNA band was completely shifted. However, no shift was observed when 2.0 µg BSA was used under similar experimental conditions (data not shown). To ensure the specificity of the OxyR1 binding to the ahpC promoter, a labelled oxyR2-katA intergenic DNA region was used as probe for testing the specificity of the OxyR1 binding under oxidizing and reducing conditions. As no mobility shift was observed with oxyR2-katA intergenic DNA under reducing (lane 9) and oxidizing (lane 10) conditions, it was clear that 
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OxyR1 binds specifically to the ahpC upstream region under both reducing and oxidizing conditions.
Role of ahpC upstream region in the regulation of expression of ahpC promoter
Since E. coli OxyR has been shown to bind as a dimer of dimer to the operator site harbouring a duplication of ATAGN 7 CTAT sequence (Toledano et al., 1994) , we aligned the upstream region of ahpC promoter of A. brasliense Sp7 with that of the promoters of katA and ahpC gene from Pseudomonas aeruginosa and E. coli and observed the potential operator elements (O1, O2, O3 and O4), which may be involved in the binding of OxyR1 (Fig. 5a ). In order to functionally characterize the ahpC promoter, the DNA region covering À98 to +165 nucleotides, with reference to the TSS of ahpC gene, was fused with a promoterless lacZ (designated as P). This construct showed fivefold more bgalactosidase activity in the oxyR1 ::km mutant than that in the parent, indicating a negative effect of OxyR1 on the ahpC promoter activity. This also indicated that the OxyR1 might be binding upstream of the ahpC promoter to regulate the promoter activity. We have also shown by EMS assay that the purified OxyR1 protein physically binds to the ahpC upstream region.
With a view to analysing the importance of the promoter upstream sequences in affecting the ahpC promoter activity, we constructed four sequential deletions, P1, P2, P3 and P4 (Fig. 5b) . It was expected that the progressive deletions from the 5¢ end should eliminate the binding site of OxyR1, which might cause a derepression of ahpC promoter leading to an enhancement in the promoter activity in A. brasilense Sp7. In the oxyR1 ::km mutant, however, it was expected that the ahpC promoter activity will not be affected by the deletions in the promoter upstream region. Since there was no major difference in the b-galactosidase activity from both P and P1 constructs in A. brasilense Sp7 and in the oxyR1 ::km mutant, the deletion of À98 to À79 region does not seem to affect the expression of ahpC gene. This indicated that the OxyR1 binding site in the P1 construct was intact. However, in the case of P2, the b-galactosidase activity in A. brasilense Sp7 increased by threefold, suggesting that the OxyR1 binding site might be located in the DNA region spanning À79 to À67 nucleotides. However, the deletion derivatives P3 and P4 showed a complete loss of the promoter activity in both A. brasilense Sp7 and the oxyR1 ::km mutant (Fig. 5c) , indicating the presence of motifs that might be important in modulating the transcription of the ahpC gene. A similar loss of transcriptional activity due to the truncation of operator elements was earlier reported in Legionella pneumophila (LeBlanc et al., 2008) . 
Requirement of T-N 11 -A motif for OxyR1-mediated regulation of ahpC expression
To determine if the T-N 11 -A structural motif, present in the ATCG-N7-CGAT palindromic region, is involved in an OxyR1-mediated negative regulation of the ahpC expression, we generated mutations in the T-N 11 -A structural motif by altering the conserved T and A residues to the G-N 11 -A, T-N 11 -C and G-N 11 -C mutations (Fig. 6a) . b-Galactosidase assay of the lacZ reporter fusions having T-N 11 -A, G-N 11 -A, T-N 11 -C and G-N 11 -C sequences in the structural motif of the ahpC promoter upstream region revealed that the mutation of the T-N 11 -A motif to G-N 11 -A or to T-N 11 -C led to a threefold increase in the promoter activity in A. brasilense Sp7. Mutation of both T and A nucleotides of the T-N 11 -A motif to G-N 11 -C led to a fourfold increase in the promoter activity. When these mutated ahpC promoters were expressed in the oxyR1 ::km mutant, there was no significant difference in their promoter activity. This indicated that the mutations in the two conserved nucleotides of the T-N 11 -A structural motif had no effect because the mutations in the OxyR1 binding site will not show any effect in the absence of OxyR1 regulator. These observations indicated that both the conserved nucleotides, T and A, were critically important in the negative regulation of ahpC expression by OxyR1 (Fig. 6b) .
Regulation of ahpC promoter by OxyR1 and ZAS family anti-sigma factors
Since OxyR and zinc-binding anti-sigma factors are known to be involved in the regulation of transcription of the genes controlling oxidative stress response, we attempted to study the dependence of ahpC expression on OxyR1, ChrR1 and ChrR2 by expressing an ahpC :lacZ fusion in the oxyR1::km, chrR1::Tn5 and chrR2::km mutants. Fig. 7(a) shows that in comparison to the level of expression of ahpC:lacZ in A. brasilense Sp7, the ahpC promoter was three times more active in the chrR2::km mutant and was almost six times more active in the oxyR1::km mutant, indicating that the ahpC promoter is negatively regulated by OxyR1 and ChrR2.
Regulation of the expression of rpoE1 and rpoE2 promoters by OxyR1
Since the ECF sigma factors, RpoE1 and RpoE2, have been shown to regulate an oxidative stress response in A. brasilense, we studied dependence of the expression of rpoE1 and rpoE2 promoters on OxyR1 by expressing the rpoE1 ::lacZ and rpoE2::lacZ fusions (Mishra et al., 2011; Gupta et al., 2013) in the oxyR1::km mutant. The b-galactosidase activity of the rpoE1::lacZ fusion was three times higher in the oxyR1::km mutant compared to the parental strain. There was no significant difference between the b-galactosidase activity of the rpoE2::lacZ in the parent and in the oxyR1:: km mutant (Fig. 7b ). This observation indicated that OxyR1 negatively regulates the expression of rpoE1 in A. brasilense. 
DISCUSSION
Most of the studied bacterial genomes harbour only one copy of the oxyR gene, which encodes a LysR-type transcriptional regulator controlling the expression of genes involved in oxidative stress response. The occurrence of two copies of the gene encoding OxyR and also of the oxidativestress-responsive ECF sigma factor (RpoE1 and RpoE2) in the genome of A. brasilense Sp7 reflects a finer and relatively robust system of oxidative stress management. Although AhpC plays an important role in the management of oxidative stress and in altering cell surface properties of A. brasilense Sp245 (Wasim et al., 2009) , the regulatory connection between OxyR1 and AhpC, however, was not known. This study has shown that out of the two OxyR paralogues encoded in the genome of A. brasilense Sp7, the one that is divergently transcribed to the ahpC (designated as OxyR1) plays a negative role in the expression of AhpC.
A majority of the LysR superfamily proteins including OxyR are known to control the expression of their target genes positively (Dubbs & Mongkolsuk, 2012) . Accordingly, OxyR positively regulates the expression of several oxidative-stress-responsive genes including ahpC in E. coli, S. typhimurium and P. aeruginosa (Christman et al., 1985; Toledano et al., 1994) . In contrast to several other bacteria, an inactivation of the oxyR1 gene in A. brasilense Sp7 conferred tolerance to organic peroxides, particularly to t-BOOH. This was corroborated by an elevated level of AhpC activity and elevated ahpC promoter activity in the oxyR1 :: km mutant. An increased expression as well as activity of the AhpC in the oxyR1::km mutant is likely to inactivate organic hydroperoxides explaining an enhanced tolerance of the oxyR1::km mutant to t-BOOH.
The ahpC promoter upstream region in A. brasilense harbours T-N11-A motif, which is a typical binding site for a LysR-type transcriptional regulator. A relatively high level of ahpC promoter activity in the oxyR1::km mutant might be due to the absence of the OxyR1. A very low promoter activity from the P and P1 constructs in A. brasilense Sp7 is expected to be due to the presence of native OxyR1 binding site, leading to the binding of OxyR1 to its cognate binding site. However, an increased promoter activity in the case of P2 is likely to be due to the deletion of the half-site (ATCG), which complements the other half-site (CGAT) of the palindromic OxyR1 binding site. The observation that the loss of the second half-site of the palindrome and the deletion of the AT-rich region (TATTTTT) just preceding the À35 element (construct P3) led to a complete loss of the promoter activity, indicating that this region provided a cis-acting site for the binding of a trans-acting protein, which might be needed for the activation of the ahpC promoter. The negative regulation of ahpC by the OxyR1, as observed in A. brasilense, was also reported in X. campestris pv. phaseoli (Loprasert et al., 2000) and L. pneumophila (LeBlanc et al., 2008) . The underlying mechanism of the regulation, however, is not fully understood. Our EMS assay results show that OxyR1 binds to the ahpC promoter upstream region of the A. brasilense under oxidizing and reducing conditions. In X. campestris and L. pneumophila also, it was shown that the OxyR binds to the ahpC promoter region under both reducing and oxidizing conditions (LeBlanc et al., 2008) . However, DNase footprinting analyses under oxidizing and reducing conditions revealed that the footprinting pattern remained unchanged in case of L. pneumophila, while it changed in the case of X. campestris. Based on the observations in X. campestris, it was suggested that, under reducing condition, OxyR binds to the promoter and completely blocks the À35 region of the ahpC promoter. Upon exposure to the oxidative stress, the OxyR moves over the surface of the promoter through a conformational switch, which exposes the À35 region to be available for RNA polymerase binding (Loprasert et al., 2000) . The binding affinity of the Corynebacterium glutamicum OxyR to its target sequence, however, depends on the redox status of the OxyR protein, which binds to the katA promoter relatively specifically and tightly under the reducing condition (Teramoto et al., 2013) . The binding of OxyR1, under both oxidizing and reducing conditions, to its cognate site in the ahpC promoter region, but not to the katA promoter region of A. brasilense, shows that the binding of OxyR1 to its target is specific, but not dependent on the redox status.
OxyR1 was proposed to bind in its tetrameric form to its target region via four operator elements designated as O1, O2, O3 and O4 (Toledano et al., 1994) . In such cases where OxyR is involved in the negative regulation of its target genes, there is thought to be a fifth contact point (O5) within the À35 element. Under reducing condition, the tetrameric OxyR binds to the O1, O2, O3 and O5 motifs. As a result, the target protein expression gets blocked due to the masking of the À35 element. Under oxidizing condition, however, the tetrameric OxyR changes its position and binds via O1, O2, O3 and O4 motifs to allow RNA polymerase holoenzyme to bind to the À35 element of the promoter to bring about transcription. To facilitate such repositioning over the promoter surface, the binding between individual operator elements (O1, O2, O3…) and the tetrameric OxyR should be weak. This is why the sequences of the operator elements are relatively less conserved. By sequence comparison, it was found that the four structural elements (Toledano et al., 1994) .
We have experimentally shown that both T and A in the ATCG-N 7 -CGAT motif are required for the negative regulation of the ahpC promoter in A. brasilense. The T-N11-A core motif is typical of the sequences bound by the LysRtype transcriptional regulators including NodD, NahR, MetR and OxyR (Parsek et al., 1994; Schell & Poser, 1989; Byerly et al., 1991) . Although NodD and MetR bind in a dimeric form (Fisher & Long, 1993; Maxon et al., 1990) , NahR and OxyR bind as tetramers (Schell et al., 1990; Schell, 1993) . In all the species of Mycobacterium except Mycobacterium tuberculosis, ahpC upstream region harbours the T-N11-A core motif. In M. tuberculosis, the occurrence of a GN 11 A motif (instead of T-N11-A) leads to a weaker binding of OxyR compared to Mycobacterium leprae and Mycobacterium marinum, where they harbour T-N11-A motifs (Pag an- Ramos et al., 1998) . A deviation from the conserved T-N11-A motif to the GN 11 A motif results in a constitutive overexpression of the AhpC protein in M.
tuberculosis rendering it resistant to the anti-tubercular drug isoniazid (Dhandayuthapani et al., 1996) . Similar to our observation in this study, when single nucleotides (T or A) of T-N11-A motif were mutated in M. marinum, the binding of the OxyR protein to its binding site was reduced by 20 %, but when both the nucleotides were mutated, the binding was completely abolished (Pag an-Ramos et al., 1998) .
We have earlier shown that the two pairs of ECF sigma factors (RpoE1 and RpoE2) and the zinc-binding anti-sigma factors (ChrR1 and ChrR2) are involved in the management of oxidative stress in A. brasilense Sp7. Although RpoE1 was involved in coping with the singlet oxygen, RpoE2 was involved in responding to the superoxide stress (Mishra et al., 2011; Gupta et al., 2013) . Although the promoter of rpoE2 was constitutive, the rpoE1 promoter was inducible and autoregulated. Since OxyR1 is also involved in the management of oxidative stress, we speculated some cooperativity between OxyR1 and RpoE sigma factors. As expected, we found that the promoter of ahpC, which was strongly upregulated in the oxyR1 ::km mutant, was also upregulated in the chrR2::km mutant (Gupta et al., 2013) , indicating that ahpC gene harbours an RpoE2-dependent promoter. This result was in agreement with our previous observation Fig. 8a ) and oxidizing conditions (stressed condition, Fig. 8b ). Under reducing condition, RpoE1 and RpoE2 sigma factors remain bound to their cognate anti-sigma factors, ChrR1 and ChrR2, respectively. Under this condition, RpoE1 and RpoE2 sigma factors are not free to bind to their target promoters. During oxidative stress, ChrR1 and ChrR2 get inactivated due to disulfide bond formation making RpoE1 and RpoE2 free. The free sigma factors RpoE1 or RpoE2 cannot bind to their target promoters as promoter site is occluded by the binding of OxyR1. With the exposure of cells to the oxidizing conditions, OxyR1 protein switches its conformation to expose À35 elements of the promoter to allow the binding of RpoE2 to AhpC promoter and of RpoE1 to its own promoter as expression of rpoE1 is autoregulated (Gupta et al., 2013) . that the expression of AhpC protein was elevated by 2.4-fold in the chrR2 ::km mutant (Gupta et al., 2013) .
Both ChrR and OxyR proteins have been shown to change their conformation in response to the oxidative stress (Gupta et al., 2014; Kim et al., 2014) . The negative regulation of ahpC gene by the OxyR1 and ChrR2 suggests that the oxidative stress caused by alkyl hydroperoxide might bring about changes in the conformation of ChrR2 and OxyR1 to upregulate ahpC expression. Oxidative-stress-responsive proteins OxyR1, ChrR1 and ChrR2 contain cysteine residues, which tend to form intra-molecular or inter-molecular disulfide bonds under oxidative stress (Aslund et al., 1999; Gupta et al., 2014) . In Rhodobacter sphaeroides, t-BOOH was shown to alter the conformation of ChrR to release its cognate RpoE sigma factor to drive the expression of its target anti-oxidant proteins (Nam et al., 2013) . Both ChrR1 and ChrR2 do not bind to DNA. Instead, they bind and sequester their cognate ECF sigma factors (RpoE1 or RpoE2) under normal reducing conditions, making them unavailable to express their target genes (Fig. 8a) . Under oxidative stress, the conformation of ChrR1 and ChrR2 changes due to the disulfide bond formation (Gupta et al., 2014) leading to the release of their cognate ECF sigma factors, which can drive the expression of their target genes required for coping with the oxidative stress (Paget, 2015) .
The observation that an inactivation of the gene encoding OxyR1 in A. brasilense leads to the upregulation of ahpC and rpoE1 suggests that OxyR1 acts as a negative regulator for both rpoE1 and ahpC. Since OxyR1 is a DNA-binding protein, disulfide bond formation in OxyR1 is likely to alter its conformation in a way that its interaction with its cognate DNA-binding motifs facilitates the expression of rpoE1 and ahpC genes by RpoE1 and RpoE2, respectively (Fig. 8b) . Hence, this study also shows for the first time a coordination between the OxyR1 and the two oxidativestress-responsive ECF sigma factors in the management of oxidative stress in A. brasilense Sp7.
